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The Cu,Se—-PbSe-SiSesystem and the Crystal Structure of CuPbsSiSe

Isothermal section of the gde—PbSe—-SiSesystem at room temperature was investigated bgyXxdiffraction.
The existence of the quaternary compound was coedlr and its composition was ascertained as Ci$##%a. The
crystal structure of CuRESiISe was refined by X-ray powder method (space giotigd, a = 1,43386 nmR, = 0,0834).
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Setting and importance of the scientific problem.The principal task of modern semiconductor
materials science is the creation and investigaifarew materials, both for the traditional teclogés and
for revolutionary new applications. Taking into aaot the increase of the needs of modern elecsarid
the limitations of the properties of functional ewaals, the researchers investigate new ternarynaome
complex inorganic compounds.

This paper on the GBe—PbSe-Sigesystem is a part of the comprehensive investigatib the
A, X—PbX-D"X, systems (A= Cu, Ag; DY = Si, Ge, Sn; X = S, Se). Character of the chenmtaraction
of components in other systems of this type, pleagalibria and quaternary compounds that form & th
systems are described in [8].

The study of the crystal structure, physico-cheiracal physical properties of ternary and quaternary
phases permits us to use them in further investiggtin development and prediction of the fielfisheir
application.

Presented paper is of interest for the searchwfaoenpounds for semiconductor materials science and
for the tuning of the physical properties by thestitution of elements within BEdSnSy/Eu, 75200 :GeS
structure type.

Analysis of recent studies.According to literature reports [2; 9] theu,Se—SiSg system features
ternary compounds GBiSe; and CySiSes. The crystal structure of G8iSe; was determined in [9] as the
monoclinic space group (S. G, a = 1,121,b = 0,562,c = 0,861 nmg = 99° [9]. The phase diagram of
the Cu,Se-SiSgsystem according to [6] is presented in Fig. 1.

The section is quasi-binary in the ternary systamSi-Se. Ci5iSe; melts incongruently at 119K,
while CuSiSeg melts congruently at 138R. Both compounds have polymorphous transitions39&K
(CwSiSs3) and 335K (CusSiSes). The eutectic point coordinates are 1X7&nd 90 mol.%Cu,Se, 1155
and 40 mol.%Cu,Se, the peritectic point lies at 11B0and 47 mol.%Cu,Se. The eutectoid decomposition
of the solid solutions of high-temperature modifica of Cu,Se takes place at 413 Low-temperature
modification of CySiSeq crystallizes in the orthorhombic S. Bmn2 with the lattice perioda = 0,72835,
b=0,72185¢ = 1,02281 nm.

Phase diagram of the €3¢—PbS system that is presented in Fig. 1 was investigaseng DTA results
in [4]. The eutectic reaction & B-Cu,Se + PbSe takes place at 888 K and corresponds nmH% PbSe.
Phase transition of copper selenide caused theepiid reactior-Cu,Se + PbhSe— a-Cu,Se that takes
place at 420 K.
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Phase diagram of the SiSEPbSe system was not constructed. Ternary compu%iSe, forms upon
melting SiSeandPbSe in the ratio of 1:2 [3]. X-ray structure invgation showed that B8iSg crystallizes
in the monoclinic S.GP2,/c. The unit cell parameters are= 0,85670,b = 0,70745,c = 1,36160nm,
S =108,355°.
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Fig. 1. Phase diagrams of th&Cu,Se—SiSgsystem (left): 1 — L, 2 — L 4a, 3 — L +B-CugSiSe, 4 — L +y-Cu,SiSe,
5—L + SiSg, 6 —y-Cu,SiSe + SiSe, 7 —y"-Cu,SiSe + SiSe, 8 —y-Cu,SiSeg + B-CugSiSe,
9 —y"-Cu,SiSe + B-CugSiSe, 10 —y"-Cu,SiSe+ B’-CugSiSe, 11 —p-CugSiSe + a, 12 —p-CugSiSe + a”,
13 —p’-CugSiSg + o', 14 —a, 15 —a +a’, 16 —a’;
and of the CupSe—Pb& system (right): 1 — L, 2 —e-Cu,Se +L, 3 —L + PbSe, 4 ¢-Cu,Se, 5 —u-Cu,Se + PbSe,
6 —a-Cu,Se +p-Cu,Se, 7 $-Cu,Se, 8 $-Cu,Se + PbSe

The existence of a quaternary compound in theS€uPbSe—-SiSesystem is reported in [1], its
composition was given as g4Ph 7sSiSe. Obtained sample of this composition was not shplase. The
presence of BBiSg as the impurity phase was determined. The competestigation of the crystal
structure of CyisPhy 75SiSe was not performed. The lattice parameters wagmdeted asz = 1,4345 nm,

S.G.143d, Ew 75Ago sGeS structure type.

Objective and Goals.The objective and goals of the work were the stofdye phase equilibria in the
Cu,Se—PbSe-Sigesystem, the investigation of its isothermal sextiascertaining the composition and
determining the crystal structure of the quatermampound that forms in the system.

Materials and Methods. Isothermal section of the ¢3e—PbSe-SiSesystem was investigated on
20 alloys. The alloys of 1 g mass each were syisdegrom high-purity elements (copper, 99,999 wt.%
silicon, 99,999 %, selenium, 99,999 %, lead, 99®09in evacuated to 0,1 Pa quartz containers. Quartz
ampoules were placed in a shaft-type furnace aatetidéo 87K at the rate of 4B8/hr. They were kept at
this temperature for 24 hrs for the complete bogdihselenium, then heated at the rate of 1320 to
1270K and kept for 12 hrs for the completion of the tigaicwith silicon. The alloys were cooled at theera
of 20 K/hr to 670K where they were annealed for 500 hrs. The finafjestwas the cooling to room
temperature.

X-ray phase analysis was used for the determinatfathe phase composition of alloys for the con-
struction of the isothermal section. The diffractipatterns were recorded at a DRON 4-13 diffracteme
(CuK, radiation) in the2d range from 10 to 80° with scan step 0,05° anaéxipesure of 3 s (depending on
typical peak intensity). The comparison standareievhe powder patterns of binary and ternary comgs
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The diffraction pattern for the refinement of theystal structure of the quaternary compound was
recorded in the @range from 10 to 100° with scan step 0,05° ancexp@sure of 20 s in each point. The
computation was performed by Rietveld method usimgCSD software package [10].

Results.Isothermal section of the system at room tempegatturdied by the results of the investigation
of 20 alloys is presented in Fig. 2. X-ray phasalysis confirmed the presence of the ternary comgsu
CusSiSes, CwSiSe and PESiSe. _

SISe,

single-phase alloys
two-phase alloys
three-phase alloys

CuPh,SEe

>4 0

CuSe Pbse
Fig. 2. Isothermal section of the CySe—PbSe-Si&e, system at 30K

Seven alloys in a cluster near pointM (L2 to 18 in Fig. 2; not all alloys are identifiey number for
simplicity) were synthesized to ascertain the cositfum of the quaternary phase. It was establishatlthe
best diffraction pattern corresponds to the comjuosof CuPh sSiSe.

The position of six three-phase fields was detardhinamely Gbe—CéSiSes—PbSe, GiBiSes—CuwSiSe—PbSe,
Cw,SiSe-CuPh sSiS,—PbSe, CuPhSiSe,~PhhSeSe-PbSe, CuPhSiSe,~PhSiSe-SiSe, and
Cw,SiSe-CuPh sSiSe,~SiSe. Twelve two-phase equilibria between binary, teynand quaternary
compounds were identified.

The diffraction patterns of the synthesized allays plotted in Fig. 3, and the diffraction patteafis
alloys prepared for the refinement of the compositf the quaternary compound are presented indFig.

The details of the computation of the Cyk3iSq structure are given in Table 1. This compound

crystallizes in the cubic structure, space grbdfd, and contains 16 formula units per unit cell. Tatéce
constanta = 1,43378 nm, the volume of the unit cell is 2@4W#rt. Fractional atomic coordinates and
equivalent isotropic temperature displacement patars in the CuRRSISe structure are given in Table 2,
bond distances and coordination numbers of atoraslisted in Table 3. Experimental and calculated
diffraction patterns of the CuPEsiSe sample and their difference are plotted in Fig. 5.
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Fig. 3. Diffraction patterns of the synthesized alloys
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12

Fig. 4. Diffraction patterns of the alloys for the refinement of the composition of the quaternary compound

Table 1
Results of the refinement of the CuPp:SiSe crystal structure
Compound Ag,GeS

Pearson symbol cl140
Space group 1-43d (Ne 220)
Number of formula units per unit cell 16
Lattice parametea (nm) 1,43378(6)
Cell volume ainT) 2,9474(4)
Calculated densityg(cnr) 6,4738(8)

Fit factorsR, andRe

0,0873 and 0,1628
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Fig. 5. Experimental (dotted line) and calculated (solid he) diffraction patterns for CuPb, sSiSe
and their difference (solid line below the plot). ¥rtical lines denote the position of hkl reflectios of the compound

Table 2
Fractional atomic coordinates, isotropic temperatue displacement parameters and site occupation

in the CuPby, sSiSe structure

Atom Wyckoff site xla y/b zlc Bis,X10%, nm?
0,64(1) Cul 12 3/8 0 1/4 0,7(4)
0,344(7) Cu2 24d 0,2998(11) 0 1/4 2,0(7)

Pb 24 0,0184(2) 0 1/4 1,43(8)
Si 16 0,2162(7) 0,2162(7) 0,2162(7) 3,2(3)
Se2 16 0,1092(3) 0,1092(3) 0,1092(3) 2,51(11)
Sel 48 0,1395(3) 0,3287(3) 0,1842(3) 2,2(2)
Table 3
Inter-atomic distances @) and coordination numbers of atoms (C. N.) in th€uPb, sSiSg structure
Atoms 3, A C. N. Atoms JA C. N.
Cul-4Sel 3,151(4) 4 Se2-1Si 2,657(11) 4
Cu2-2Sel 2,832(10) 4 —3Pk 2,868(4)
—-2Sel 3,108(4) Sel-1Si 2,005(11)
Pb-2Se2 2,868(4) —1CuZ 2,832(10)
-2Sel 3,214(4) 8 —1Cu2 3,108(4)
—-2Sel 3,307(4) or —1Cul 3,151(4) 6
-2Sel 3,470(4) -1Pb 3,214(4)
Si-3Sel 2,005(11) 4 —1Pk 3,307(4)
-1Se2 2,657(11) -1Pb 3,470(4)

The location and the coordination polyhedra of atamthe CuP{sSiSe structure are shown in Fig. 6.
The polyhedra of Si, GuCw and Se are tetrahedra with various degree of distorti®al surrounding

forms a distorted trigonal prism, the polyhedron Rb is a distorted trigonal prism with two additib
atoms across the side faces.
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The structure of the CuP&iSe compound may be presented as a result of gradaghlent sub-
stitution of silicon atoms in the Sigstructure [9] with metallic component atoms acawydo the formula
CuPbSi,_,_ySe. The intermediate compounds in such a substituimuld be PESiSe [3] and
AgosPby -<GeSe [5] as shown in Fig. 7. For instance ,Bi%q is described as the substitution of lead atoms
for one half of silicon atoms in the silicon digate structure where lead atoms tend to form lajyers
between the tetrahedra of selenium atoms centgrediton atoms. Further substitution of silverragfor
1/8 of lead atoms in the F&iSe structure yields the AgPh 7:GeSge compound where metal atoms form
chains in the space between the above-mentionexthéelra. The substitution of copper atoms for 1/4 o
lead atoms in the BBiSq structure results in the CuRBiSe compound where the increase of the ratio of
cation atoms to anion atoms causes a small dimtaty shift of the tetrahedra from the planes thay
occupy.

Fig. 6. Location and coordination polyhedra of atoms in theCuPb, sSiSe structure
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Fig. 7. Packing of metal component atoms in between the Gi€)Sq tetrahedra in the structures of SiSg Ph,SiSe,
Ago sPb; 7:GeSq and CuPhb, sSiSe

Conclusions.Isothermal section of the quasi-ternary systenpainrtemperature G8e—PbSe-Sige
was investigated. Six three-phase fields and twilephase equilibria were identified. The comgosiof
the quaternary compound was defined as ¢t#t8eq. The refinement of its crystal structure showedt th

the compound crystallizes in the cubic space gl@:ﬁd, the lattice parameter= 1,43378 nm. Genesis of
the crystal structure in the series SiSePhSiSe — Ago sPb, -:GeSe— CuPh sSiSe is discussed.
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IInak Oxcana, Koryr IOpiii, ®epopuyk Amnarodiii, Ilickau Jlrogmuna, Ilapaciok Oxaer. Cucrema
Cu,Se-PbSe-SiSei kpucraiiuna crpykrypa CuPb; sSiSe. BuxopucroByioun pesynbraTd peHTIeHO(DA30BOr0O
aHanizy, no0ya0BaHo i30TepMiunmii iepepi3 cuctemu Cl,Se—PbSe—SiS@pu kiMuatHii Temnepatypi. [linTBepmkeHo
ICHYBaHHS TETPapHOI CIONYKH Ta yTouHEHO 1i ckiaax sk CUPR sSiSe. PeHTreHiBChkHM METOOM MOPOIIKY YTOYHEHO
kpucraniuny ctpykrypy CuPh sSiSe (11T | 43d,a=1,433861m, R = 0,0834).

KurouoBi ciioBa: i3oTepMidHHii Iepepi3, KpUCTATIYHA CTPYKTYpPa, XaJIbKOTEHIIH.

IInak Oxcana, Koryr IOpmii, ®egopuyxk Anatosmii, Ilnckau Jlroamuiaa, Ilapaciok Oaer. Cucrema
Cu,Se—-PbSe-SiSa1 kpucraminyeckas crpykrypa CuPb, sSiSe. Hcnonb3ys pe3ynsraTsl peHTreH0(ha30BOro aHaIu3a,
OBLIO MOCTPOCHO HM30TepMUYecKoe ceueHue cucteMbl ClhSe—PbSe—-SiSepu komMHaTHO# TemmepaType. [loarBepxaeHoO
CYLIECTBOBAHKE TETPAPHOIO COEAMHCHHS M yTOYHEHO ero cocrtaB kak CUPR sSiSe. PenrreHoBckum meromom
IOpOLIKA YTOYHEHa KpUCTaLnaeckas ctpykrypa CuPh sSiSe (I | 4 3d, a = 1,43386um, R, = 0,0834).

KroueBble c10Ba: M30TEPMUIECKOE CEUCHHE, KPUCTAUINYESCKAS CTPYKTYPa, XaJIbKOTCHUIBL.
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bornan Heunnopyk
JAmutpo Ipon

IIpo nouifibHicTH peBepCcyBaHHS HANIPAMY CTPYMY NPH OeP:KAHHI NOPOLIKIB IMHK
OKCHY METOJ0M eJIEKTPOXIMIYHOI0 0CAIKEeHHS

[Toka3aHO MOXIIUBICTh OTPUMAHHS HAHOKPUCTATIB IIMHK OKCHAY CJICKTPOXIMIYHMM METOIOM 3 BUKOPUCTAHHSIM
LHKOBHX €JICKTPO/IIB 1 peBEepCYBaHHS HANPSAMY HOCTIHHOTO cTpyMy. PeBepcyBaHHs HanpsiMy CTpyMY J1a€ MOMIIUBICTh
3a0e3NeUnTH PIBHOMIPHE BUKOPUCTAHHS [HMHKOBHX CIICKTPOMIB 1 TOCTiiiHe 3Ha4eHHs cwiu ctpymy. CHHTE3 mnpu
BHKOPHUCTAHHI 3MIHHOTO CTPYMY Ma€ HU3bKHI BUXIJ 1 OJCPKYETHCSA CYMIlll KPUCTATIYHOTO Ta aMOP(GHOTO TPOIYKTIB.
OTpuMaHi TOPOIIKH TOCIKEHO 3a JOMOMOTOI0 TaKHX METOJIB, SIK pEHTreHO(a30BUil aHaJI3 Ta CKAaHYI0Ya eJICKTPOH-
Ha MIKpPOCKOITis.

Ki1r040Bi cJI0Ba: IIMHK OKCHJI, €JICKTPOXIMIUHE OCAJKCHHS, 3MiHa HAMPSMY CTPYMY.
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